Hole concentration induced transformation of 
the magnetic and orbital structure in Ndi x Sr x Mn03 
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In order to study the magnetic and crystal structures in the Ndi-^Sr^MnOs system, we have 
peformed neutron diffraction measurements on melt-grown polycrystalline samples with 0.49 < 
X < 0.75. As a function of hole concentration x, the system shows systematic transformation of 
magnetic and crystal structures, which is consistently explained by the change of the character of 
Mn e g orbitals. With increasing x, the Ndi-^Sr^MnOs system exhibits a metallic ferromagnetic 
state, a metallic A-type AFM state, and then an insulating C-type AFM state. The CE-type charge- 
ordered AFM state was observed only in the vicinity of x — 1/2, and it coexists with the A-type 
AFM state for x > 1/2, indicating that the energy difference between these two states is extremely 
small. We also found that the MnC>6 octahedra are apically compressed in the CE-type and A-type 
AFM states due to the d(3x 2 — r 2 )/d(3y 2 — r 2 ) or d(x 2 — y 2 ) orbital orderings, respectively, whereas 
they are apically elongated by the rod- type d(3z 2 — r 2 ) orbital ordering in the C-type AFM state. 
In addition, a selective broadening of Bragg peaks was observed in the C-type AFM phase, and its x 
dependence strongly suggests the charge ordering for a commsurate value of the hole concentration 
at either x — % or x = I. 



71.27. +a, 71.30.+h, 75.25,+z 



I. INTRODUCTION 



The systematic investigation of the phase diagram 
of the perovskite manganites r jwa,s initiated with studies 



of Lai-^Ca^MnOa in 1950s,EH3 while later in 1980s, a 
very similar rich phase diagram was rediscovered for the 
Pri-^Ca^MnOa system.B A distinct metallic ferromag- 
netic (FM) state in these phase diagrams was explained in 
terms of the double-exchange (DE) mechanism between 
the e g electrons of Mn ions, and the richness of the phase 
diagrams were naturally considered as a manifestation of 
the strong couplings among the spin, charge, and Jahn- 
Teller (JT) lattice distortions. 

Recent discovery of the colossal magnetoresistance 
(CMR) effect in doped perovskite manganites has re- 
newed interest in these compounds, and intensive experi- 
mental and theoretical efforts have been devoted to clar- 
ify the origin of the CMR effect. In addition to the DE 
interactions as well as the JT distortions, recent stud- 
ies revealed that the ordering of the two fold e g orbitals 



of Mn ions plays an essential role to detcrjjpinc.jihysi- 
cal properties in the hole-doped manganites .oQQLJtm For 
example, it was recently reported that the underlying 
d(x 2 — y 2 )-type orbital ordering leads to a metallic anti- 
ferromagnetic (AFM) state instead of either the metal- 
lic FM state or a so-called CE-type charge/spin ordered 
insulating state. In view of newly developed ideas and 
of greatly improved experimental techniques, it would 
be extremely useful to perform systematic experimental 
studies concerning a phase diagram to gain further pro- 
found understanding of the interplay between e g orbitals 
and magnetic as well as transport properties in doped 
manganites. 

For a study of the hole-concentration dependent 
phase diagram of doped manganites, we chose the 
Ndi_ x Sra;Mn03 system, because detailed transpoijLstutL 
ies have already been performed on this system.E£llij'E£l 
We have carried out comprehensive neutron diffraction 
studies on the Ndi-^Sr^MnOs melt-grown polycrys- 
talline samples with the Sr ion concentration of x = 0.49, 



0.50, 0.51, 0.55, 0.60, 0.63, 0.67, 0.70, and 0.75. In what 
follows, we shall demonstrate that the moderately narrow 
one-electron bandwidth of the Ndi-^Sr^MnOs system 
yields a variety of physical properties such as the charge 
ordering, metal-insulator transition, and unique mag- 
netic structures as a result of the interplay between the 
charge and/or orbital orderings and spin/lattice struc- 
tures. 

As a function of the hole concentration x, the 
Ndi_ x Sr x Mn03 system shows a systematic change of 
the magnetic structures. With increasing x, the ground 
state spin ordering varies from metallic ferromagnetism 
to charge ordered CE-type antiferromagnetism, then to 
metallic A-type antiferromagnetism, and finally to insu- 
lating C-type antiferromagnetism (F — > CE — > A — > C) 
(See Fig. 1). It can be shown that each spin order cor- 
responds to its specific orbital order, and the determined 
crystal structures are consistent with the corresponding 
orbital order for indivisual AFM spin structures. For ex- 
ample, the structures for the CE-type and A-type AFM 
states are characterized by apically compressed MnOe oc- 
tahcdra, while that of the C-type AFM state consists of 
apically elongated octahedra, reflecting their respective 
layered-type or rod-type orbital ordering patterns (See 
Fig. [I]). These systematic changes of the ordering of the 
spins and orbitals are well reproduced by the recent the- 
oretical calculation which takes into account the double 
degeneracy of the e g orbitals.H 

The charge ordering alsp-plays an important role in the 
Ndi_ x Sr x Mn03 systemM'ElThe CE-type charge/spin or- 
der is formed in the Ndi-^Sr^MnOs system, but it is 
limited in a very narrow region of x around x = 1/2, and 
it coexists with the A-type AFM state in the x = 1/2 
and x — 0.51 samples. The coexistence of these two 
states may be interpreted as the orbital-order induced 
phase segregation between the insulating charge-ordered 
state and the metallic orbital-ordered state. In the C- 
type AFM phase with x beyond 0.6, the Bragg peaks 
show a selective anisotropic broadening, which indicates 
disorder in the spacing of the lattice planes along the 
tetragonal c axis. We argue that this result indicates a 
possible new charge order for a commensurate hole con- 
centration of cither x — | or |. The broadening is re- 
sulted from both the d(3z 2 — r 2 )-type orbital ordering 
and the charge ordering. 

The rest of the paper is organized as follows. The 
next section briefly describes the experimental proce- 
dures. The experimental results are described in Sec. Ill, 
where the property of the magnetic and crystal structures 
in the Ndi_ x Sr x Mn03 system are given with the results 
of the Rietveld refinement analysis. In Sees. IV, the re- 
lations between the magnetic and crystal structures are 
discussed in detail for each type of the AFM orderings. 
A brief summary is given in Sec. V. 



II. EXPERIMENTAL PROCEDURES 

For the present study, the powder samples were pre- 
pared by powdering the melt-grown single crystals, and 
were pressed into rod shape. The single crystal samples 
were grown by floating-zone method. The detailed profjfe. 
dures of sample preparation were described elsewhere EO 
The quality of the samples was checked by X-ray diffrac- 
tion measurements and inductively coupled plasma mass 
spectroscopy (ICP). The results showed that the samples 
are in single phase and the hole concentration agrees with 
a nominal concentration within 1 % accuracy. 

Neutron diffraction measurements were performed on 
a powder diffractometer HERMES and a triple axis spec- 
trometer GPTAS installed in the JRR-3M research reac- 
tor at Japan Atomic Energy Research Institute. The inci- 
dent neutron wave lengths of HERMES and GPTAS were 
A = 1.8196 A and 2.35 A, respectively. The collimation 
of HERMES is 6'-open-18', while several combinations 
of the collimators were utilized at GPTAS, depending 
on the necessity of intensity and momentum resolution. 
Most of the measurements, especially those for the struc- 
tural analysis, were performed on HERMES, but part of 
the measurements was performed with GPTAS because 
stronger intensity of magnetic reflections are available 
on this spectrometer due to the high incident neutron 
flux. The samples were mounted in aluminum capsules 
with helium gas, and were attached to the cold head of 
a closed-cycle helium gas refrigerator. The temperature 
was controlled within accuracy of 0.2 degrees. To obtain 
the structural parameters, the Rietveld analysis was per- 
formed on the powder diffraction data using the analysis 
program RIETAN.El 



III. MAGNETIC AND CRYSTAL STRUCTURES 

We begin with the description of the overall features of 
the lattice and magnetic structure of the Ndi-^Sr^MnOa 
system by examining the x-jE. .phase diagram for 0.3 < 
x < 0.8 shown in Fig. [j].y'tL3 In the distorted per- 
ovskite crystal structure, Mn ions are surrounded by six 
O ions, and the MnOg octahedra form pseudo-cubic lat- 
tice, whereas Nd or Sr ions occupy the body-center posi- 
tion of the pseudo-cubic lattice of the MnOe octahedra. 
Due to the buckling of the octahedra, however, the or- 
thorhombic unit cell becomes \[2 x \/2 x 2 of the cubic 
cell. In the concentration region for 0.3 < x < 0.8, the 
crystal structure is classified into two phases from the lat- 
tice parameters- The one is a well-known O' phase with 
c/\/2 < b < a,li3 and appears in the lower Sr concentra- 
tion region for x < 0.55 at room temperature, while the 
other is a pseudo-tetragonal O* phase with a ~ b < c/\/2 
for x > 0.55 as indicated in the Fig. Q. At low temper- 
atures, on the other hand, the region of the O' phase 
expands, and the phase boundary shifts towards around 



x = 0.60. In addition, a monoclinic structure was de- 
tected near the low temperature structural phase bound- 
ary near x ~ 0.60. For 0.55 < x < 0.60, a structural 
transition from the O' phase to the CH phase coincides 
with the AFM transition temperature T^. 

For x < 0.48, the ground state is a FM metal. In 
the region for 0.50 < x < 0.60, there appears a metallic 
AFM state with the layered type AFM ordering, which is 
called as A-type after Ref. (jl. With further increasing x, 
the C-type AFM order was observed in the O* phase. In 
this phase, the resistivity uniformly increases with lower- 
ing temperature, and the sample remains insulating for 
all temperature, although the temperature derivative of 
the resistivity shows an anomaly at Tn." Only within a 
small range of the Sr concentration around x ~ 0.50, the 
system exhibits a charge-ordered insulating state which is 
accompanied with the CE-type AFM spin ordering after 
it shows the metallic FM state below Tq in the interme- 
diate temperature region. 
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FIG. 1. Phase diagram of Ndi-^Sr^MnOa.tiH^I Each phase 
is denoted by capitalized labels; PM: paramagentic insulating 
phase, FM: ferromangetic order, AFM: antiferromagnetic or- 
der, CO-I: charge-ordered insulator, CE: CE-type charge/spin 
order, A: A-type antiferromagnetic order, C: C-type antifer- 
romagnetic order, CAF: possible canted antiferromagnetic or- 
der. 



A. Magnetic structures 

The AFM spin ordering yields superlattice reflections 
in the neutron diffraction profiles. Since the positions of 
the superlattice peaks are different from each other ac- 
cording to the spin patterns, one can determine the spin 
structure from the neutron diffraction profiles. In Fig. 
y, we show the typical powder diffraction patterns mea- 
sured at the lowest temperature (~ 10 K) for x — 0.49, 
0.55, and 0.75. One can clearly recognize the different 
superlattice reflection patterns for the CE-type, A-type, 
and C-type AFM spin arrangements, respectively. Cross 



symbols represent the measured intensity, and solid lines 
are the calculated diffraction patterns for the nuclear re- 
flections obtained by the Rietveld analysis. The AFM 
superlattice reflections are indicated by hatches, and the 
corresponding spin ordering patterns are depicted in the 
insets. 

The CE-type spin ordering (Fig. 0(a)) is characterized 
by the alternate ordering of the Mn 3+ and Mn 4+ ions. 
The spin ordering pattern in the ab plane is rather com- 
plicated, and it stacks antiferromagnetically along the c 
axis. The magnetic reflections for the Mn 3+ and Mn 4+ 
sublattices are decoupled, and the former are indexed as 
{h/2, k, I) with k = integer and h, I — odd integer, while 
the latter are indexed as (h/2, k/2, I) with h, k, I = 
odd integer. 

Nd-|-xSr x Mn03 
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FIG. 2. Low scattering angle portion of the powder diffrac- 
tion patterns for (a) x — 0.49 at 15 K, (b) x = 0.55 at 15 K, 
and (c) x = 0.75 at 10 K which were collected at HERMES. 
Solid lines are the calculated intensity for the nuclear reflec- 
tions, and hatched peaks represent the AFM Bragg peaks. 
Insets are the spin patterns for each AFM structures. For 
the CE-type AFM structure, black and white arrows denote 
the spins of the Mn 3+ and Mn 4+ sites, respectively. A large 
arrow in the panel (a) indicates a superlattice peak of the 
lattice distortion due to the CE-type charge ordering. 

In the A-type spin ordering (Fig. 0(b)), the spins or- 
der ferromagnetically in the ab plane with the moments 
pointing toward the a axis, and the FM planes stack an- 
tiferromagnetically along the c axis. The magnetic re- 
flections appear at (hkl) with h + k = even integer and 



I = odd integer. As described later, on the other hand, 
we observed the monoclinic structure in the A-type AFM 
phase of the x = 0.60 sample, and the FM planes stack 
along the [1 1 0] direction, being identical with the case 
of the monoclinic Pr^Sr^MnOsH 

In the C-type spin ordering (Fig. ||(c)), the spins order 
ferromagnetically along the c axis, and the neighboring 
spins in the ab plane point the opposite direction. The 
magnetic reflections are observed at (hkl) with h + k = 
odd integer and I = even integer. 

We note that, for the x = 0.63 and 0.67 samples, 
the FM component was observed in their magnetization 
curve below Tqa ~ 45 K for the x = [0,63 sample or 
Tqa ~ 15 K for the x = 0.67 samplejla as indicated 
by the line CAF in Fig. [I]. To confirm the existence of 
the FM component in these samples, we have measured 
the temperature dependence of the (110) and (002) re- 
flections for the x = 0.63 polycrystalline sample. If the 
FM Bragg scattering appears, the intensity of these re- 
flections should increase. Although we have observed a 
slight increase of the intensity below Tca, its magnitude 
is no more than the statistical error. Even if the FM com- 
ponent exists, it is small to derive the accurate moment 
from the powder sample data. 

In Table E, we summarize the magnetic moments per 
Mn site and their directions for all the samples studied. 
Interestingly, we found a clear trend that the direction 
of the moment is always parallel to the largest lattice 
constant (See Table |l|). 

TABLE I. Magnetic structure (MS), magnetic moments, 
and their directions. For the CE-type AFM structure, the 
magnetic moments are shown for both Mn 3+ and Mn 4+ sites. 
The directions of the moments for two sites were determined 
to be identical within experimantal accuracy. 



parameters are summarized in Table |l[ The types of 
the crystal structure (CS) and of the magnetic structure 
(MS) are also listed in the table. The shapes of MnC>6 
octahedra for the O' and O* phases are schematically 
illustrated in Fig. 0(a) and (b), respectively. We exam- 
ine the characteristic crystal symmetry for each phase, 
and discuss the influence of the distortion of the MnC>6 
octahedra in the following. 

In spite of the fact that many orthorhombic per- 
ovskite manganites have the Pbnm [Prima in another 
setting) symmetry due to the GdFe0 3 -type distortion, 
the measured powder diffraction profiles in the O' phase 
were well fitted with the orthorhombic space group 
Ibmm (or Imma). It should be noted that the Ibmm 
structure was alsoi— observed in Pro.65Bao.35Mn03 at 
room temperature,ll3 Ndn.5Srn.5M11.O3 (Ref. O), and 
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B. Crystal structures 

In order to characterize the crystal structures for each 
phase, we have performed the Rietveld analysis on neu- 
tron powder diffraction patterns for all the samples ob- 
served at selected temperatures. The obtained structural 



Pri/ 2 -^Y a; Sr 1/2 Mn03 (Ref. |lj). To see the difference 
of the two structures, the tilting of the MnC>6 octahedra 
for Pbnm and Ibmm are illustrated in Fig. |3j(c). In the 
Pbnm symmetry, the octahedra rotate both around the 
b and c axes. In contrast, the tilting of the octahedra is 
restricted only to the b axis in the Ibmm symmetry, and 
thereby the x and y coordinates of the inplane oxygen 
0(2) are fixed to 1/4. As a result, two Mn-0 bonds in 
the ab plane have an equal length. 

One can distinguish the Ibmm symmetry from Pbnm, 
in principle, because Pbnm has a lower symmetry, and 
there should exist additional Bragg reflections which are 
allowed only in the Pbnm symmetry. In the paramag- 
netic phase, however, we observed no additional reflec- 
tion which is specific to the Pbnm symmetry, and we 
tentatively assigned the space group in the paramagnetic 
phase as Ibmm. Unfortunately, the scattering angles of 
AFM superlattice reflections overlap with the Pbnm spe- 
cific reflections in the low temperature AFM phase, and it 
prevented us from determining the precise space group in 
this phase. Accordingly, we have performed the Rietveld 
analysis for both space groups, and obtained almost iden- 
tical R factors. For comparison, the two parameter sets 
determined for both symmetries on the x = 0.50 sam- 
ple are shown in Table |l| but only the parameter sets 
for the Ibmm symmetry are tabulated for the rest of the 
samples. 

We found that the measured powder diffraction pro- 
files in the O^ phase were well fitted with the tetragonal 
space group IA/mcm. Pr . 6 5Bao.35Mn03 at 210 K (Ref. 
|l6| ) and Lan.sSrn.sMnOs (Ref. [Rj) were reported to have 
the same space group. The feature of the space group 
14/ mem is also shown in Fig. 0(d). In the 14/ mem 
symmetry, the MnOg octahedra rotate only around the 
c axis, and all the Mn-0 bonds in the ab plane are equal 
in length. The octahedra in the z — 1/2 plane rotate in 
the opposite directions to those in the z = plane. 



TABLE II. Lattice constants, Mn-0 bond lengths, and Mn-O-Mn bond angles determined from the Rietveld analysis of the 
powder profiles. CS represents the types of the crystal structure and the meaning of symbols O' and O* is described in Sec. 
III. The column MS gives magnetic structures for each samples: symbols P, F, CE, A, and C denote the PM, FM, CE-type 
AFM, A-type AFM, and C-type AFM structures, respectively. d c and d a b denote the Mn-0 bond lengths along the c axis and 
within the ab plane. O c and Q a b denote the Mn-O-Mn bond angles along the c axis and within the ab plane. For x = 0.50, 
the parameters obtained by the analysis in the Pbnm symmetry are also indicated. For x — 0.70 at 10 K and x — 0.75 at 10 
K, two values for c/\/2 and d c are shown because the structure parameters were analyzed according to the two phase model as 
described in Sec. VI-A. 
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FIG. 3. Schematic picture of Mn06 octahedra (a) in the O' phase and (b) in the O* phase for the paramagnetic and low 
temperature AFM phases, (c), (d) The rotation patterns in the basal plane for designated structures. For the IA/mcm structure 
(d), the projection of the octahedra onto the one of the [110] planes is also depicted in the right panel. 



As illustrated in Figs. ||(c) and (d), the observed 
orthorhombic and tetragonal structures are closely re- 
lated. If each space group is denoted by the tiltings. 
of the MnOg octahedra in the Glazer's terminology,E£l 
Pbnm, Ibmm, and IA/mcm symmetries are expressed 



by a + b b 



-U- „0h-h- 



b~b- 



", respectively. Here the 



positive and negative signs denote that the octahedra 
along the tilt axis, are tilted in-phase or anti-phase, and 
means no tilt.Ej Therefore, they can be derived from 
the cubic lattice by introducing successive tiltings of the 
MnOg octahedra. Comparing the projection of the oc- 
tahedra onto the [001] plane in the orthorhombic phase 
(Fig. 0(c)) and that onto the [110] plane in the tetrag- 
onal phase (right part of Fig. H(d)), one can see that, 
as far as the tilting of the octahedra is concerned, the 
tetragonal axis [001] coincides with the [110] axis in the 
orthorhombic structure. 
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(a) CE-type 




(b) A-type 



(c) C-type 

FIG. 4. Schematic picture of the orderings of the e g orbitals 
in AFM phases, (a) CE-type, (b) A-type, and (c) C-type, 
respectively. The directions of the spins are represented by 
arrows. 

In addition to the tilting of octahedra, distortions of 
the MnOg octahedra provide useful information on the 
orbital as well as charge orderings. As one can see from 
Table ||, the two Mn-0 bonds in the ab plane are al- 
ways longer than those along the c axis in the O' phase. 
This feature indicates that the A-type AFM structure 



is accompanied with the d(x 2 — y 2 ) type orbital order 
as depicted in Fig. ||(b), and this rosult is supported 
by the recent theoretical calculations.0 The d(x 2 — y 2 ) 
type orbital order causes a unique magnetic and trans- 
port properties due to the strongly anisotropic couplings 
within and perpendicular to the orbital ordered planes. 
As we baw .pcedipted and demonstrated in the preced- 
ing studies J§UE3oE3 and will be discussed in Sec. V, 
this type of orbital order yields an metallic A-type AFM 
state. It should be noted that one might consider that 
the orbital-order-induced anisotropy will be less signifi- 
cant in the paramagnetic phase, since the difference of 
the bond length between the apical and inplane Mn-0 
bonds becomes rather small at elevated temperatures. 
Surprisingly, however, the anisotropic behavior persists 
in high temperature phases. Very recently, we have 
demonstrated the existence of the anomalous anisotropic 
spin fluctuations iiL.the paramagnetic and FM phases in 
Ndo.5oSr .5oMn03,El indicating that the d(x 2 — y 2 ) type 
orbital order has strong influence at high temperatures. 
In the O* phase, on the other hand, the Mn-0 bond 
length along the c axis is longer than the ones in the 
ab plane, and this difference is further enhanced in the 
AFM phase. The apically stretched MnOg octahedron is 
consistent with the ordering of the d(3z 2 — r 2 ) orbitals de- 
picted in Fig. f|(c). It is worth to mention that the recent 
theoretical calculation confirmed that there appears the 



C-type AFM state with the ordering of the d(3z 



l ) 



orbitals in the higher doping regionE 

Finally, we would like to mention the CE type 
charge/orbital ordering. The CE-type ordering is charac- 
terized by the alternate ordering of the Mn 3+ and Mn 4+ 



ions and by the ordering of the d(3x 



>')/d{3 V 2 



l ) 



orbitals on the Mn 3+ sites in the ab plane as depicted in 
Fig. |^(a) . This type of orbital ordering doubles a size of 
the unit cell along the b axis, and produces the superlat- 
tice reflections at (h, ft/2, I) with h = even, k = odd, 
and I = integer. Even for the polycrystalline samples, we 
could observe the superlattice reflections in the x = 0.49 
and 0.50 samples at 29 = 49° (indicated by an arrow in 
Fig. y(a)) which can be indexed as (2|2)j- (2|0), as was 
the case of the Pri-^Ca^MnOa system.cl On the other 
hand, this type of charge ordering necessitates to con- 
sider two independent Mn sites for the Mn 3+ and Mn 4+ 
ions. Namely we need to treat two types of distortions 
in the MnOg octahedra. Clearly, such an analysis multi- 
plies the number of parameters in a fitting process, and 
would yield less reliable structural parameters. For this 
reason, we omitted to treat the doubling of the unit cell 
due to the orbital ordering, and performed the Rietveld 
analysis on the CE-type samples assuming only the orig- 
inal Ibmm/ Pbnm structure. Consequently, the obtained 
Mn-0 bond lengths and Mn-O-Mn angles give the av- 
eraged values for two Mn sites. 



IV. INFLUENCE OF THE CE-TYPE ORDERING 

Near x ~ i, the doped perovskite mangan- 
ites are usually expected to show a so-called CE- 
type rCha,rge/orbital/spin superstructure depicted in Fig. 
[|(a).fcl'Eltl For the Pri.^Ca^MnOa system, for instance, 
the CE-type ordepng, is observed over a wide range of 
0.3 < x < . 5 j3'EltE3£3 As shown in Fig. EL however, the 
CE-type ordering is observed only in a very limited range 
near x ~ 0.50 in the Ndi-^Sr^MnOa system. Note that, 
the CEptype ordering was not observed in the x = 0.55 
sample.B 

A distinct feature of the CE-type ordering in the 
Ndi_ x Sr x Mn03 system is the coexistence with another 
spin ordering. Because the FM order is taken over by the 
A-type AFM order near x = 0.5 in the Ndi_ x Sr x Mn0 3 
system (See the phase diagram in Fig. ||.), the FM order 
coexists with the CE-type order in the x — 0.49 sam- 
ple, whereas the A-type AFM order coexists with the 
CE-type order in the x = 0.51 sample. To illustrate the 
situation more specifically, we shall describe the behav- 
ior of the x = 0.49 and 0.51 samples in detail below. 
Concerning the AFM side for x > 0.50, similar results 
were reported very recently on the same Ndi-^Sr^MnOa 
system with x = 0.52 and 0.54.E3 

Figure ||(a)-(f) show the temperature dependences of 
the magnetic Bragg peaks, the lattice constants, and the 
resistivity for the x = 0.49 and 0.51 samples. In the 
x = 0.49 sample, the FM spin ordering was observed be- 
low Tq ~ 280 K. As shown in Fig. ra(a), the intensity of 
the (110) and (002) reflections increases below Tq ~ 280 
K due to the FM order. Below T N ~ 160 K, it sud- 
denly drops, and the (jd) reflection appears, indicating 
the formation of the CE-type AFM order. It should be 
noted, however, that the magnetization study strongly 
suggests the persistence of the ferromagntic order below 
Tn. As shown in Table |, the x = 0.49 sample has the 
FM moment of 0.8^ B at 15 K. Therefore, the FM order 
coexists with the CE-type AFM order in the x — 0.49 
sample. 

In the x = 0.51 sample, the behavior of the magnetic 
ordering was very similar to that of the x — 0.50 sample 
reported in Refs. H and 0. As shown in Fig. 0(d), the 
intensity of the (110) + (002) reflections increases below 
T c ~ 240 K owing to the onset of the FM order. With 
decreasing temperature, it increases quickly, but shows a 
sudden drop at T^ ~ 200 K at which the (001) A-type 
AFM reflection appears. In contrast to the x = 0.49 
FM sample, the intensity of (110) + (002) reflection in 
the x = 0.51 AFM sample has no magnetic contribution 
below T£. The difference between the intensity above Tc 
and below Tjy is due to the structural transition at T^ . 
With further lowering temperature, the (55I) CE-type 
AFM superlattice reflection appears below T^ E ~ 150 K. 
Note that the CE-type ordering suppresses the increase 
of the intensity of the (001) A-type AFM reflection below 
Tj^ E , indicating that the two spin orderings are strongly 



correlated. 
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FIG. 5. Temperature dependence of the intensities of the 
magnetic Bragg peaks, the lattice constants, and the resis- 
tivity for the x = 0.49 FM sample: ((a)— (c)), and for the 
x — 0.51 AFM sample: ((d)-(f)), respectively. The resisitiv- 
ity data are reporduced from Ref. u2 

The temperature dependence of the lattice constants 
in the x = 0.49 sample is shown in Fig. g(b). It shows a 
weak inflection at Tc, while a sharp jump at Tn, where 
the c axis shrinks while the a and b axes expand, being 
consistent with the CE-type orbital ordering in the ab 
plane. Similarly, the lattice constants of the x = 0.51 
AFM sample exhibit a large split at T^ (Fig. ||(e)), in- 
dicating that the A-type magnetic transition is accom- 
panied with the structural transition which stabilizes the 
d{x 2 — y 2 )-type planar orbital ordering as discussed in 
the previous section. They show, however, no distinct 
anomaly at T^ E . In fact, we have carried out detailed 
structural analysis on the two powder diffraction data, 
one is observed at T = 160 K in the A-type AFM phase 
for T$ E <T <T^ and the other at T = 10 K in the low 
temperature phase where two orderings coexist. But we 
found no difference of crystal structure between two AFM 
phases (see Table |l|). In particular, all the nuclear reflec- 
tions in the powder diffraction data at 10 K can be well 
fitted to a single structure in spite of the coexistence of 
the A-type and CE-type AFM orderings. These results 
on the x = 0.51 sample demonstrate that the crystal 
structure of the A-type AFM phase in Ndi-xSr^MnOa 
is practically indistingushable from that of the. CE-type 
phase despite the difference of spin structure. E3 

The change of the magnetic structure also has a strong 



influence on the behavior of the resistivity. As shown in 
Fig. D(c), the resistivity in the x = 0.49 FM sample 
shows the metallic behavior below Tq, then a sharp rise 
at Tn due to the CE-type charge order. The increase of 
the resistivity is, however, suppressed below ^100 K by 
the FM order with the moments of 0.8/is which coexists 
with the CE-type AFM spin order. In the x = 0.51 
AFM sample, on the other hand, the resistivity shows 
the metallic behavior below Tc, a moderate increase at 
the onset of the A-type AFM spin order, and it shows 
the second increase at T^ E due to the CE-type charge 
order as shown in Fig. @(f). By comparing this behavior 
with that of the x = 0.49 FM sample, the influence of 
the spin ordering is clear. The FM spin order restricts 
the resistivity of the x = 0.49 FM sample at the order 
of p ~ 5 x 10~ 2 flcm for T < Tj$. In contrast, the 
resistivity of the x — 0.51 sample exhibits a jump at 
T^, it remains an order of p ~ 5 x 10~ 3 ftcm in the 
metallic A-type AFM phase for T$ E < T < T$, and 
then increases monotonically below T < T^ E . It should 
be noted that the metallic resistivity of the x = 0.51 AFM 
sample in the A-type AFM state for T^ E < T < T^ is of 
the same ipffdar yith those of other metallic A-type AFM 
samples-MBBBEZl 

There are several possibilities for the origin of the si- 
multaneous presence of the CE-type ordering with the 
FM or A-type AFM spin orderings in the x = 0.49 and 
0.51 samples. Scenarios of the inhomogeneous distribu- 
tion of the holes in the sample or a canted magnetic or- 
dering consisting of the CE-type and A-type moments 
seem to be consistent with observed results. The former 
scenario can be attributed either to a trivial concentra- 
tion distribution, or to an intrinsic phase segregation. 
Although it is extremely difficult to experimentally dis- 
tinguish these two possibilities, there are some interest- 
ing observations which seem to favor the intrinsic sponta- 
neous phase segregation in doped manganites near x ~ \ . 

As mentioned above, the increase of the CE-type Bragg 
intensity suppresses the A-type AFM intensity in the x = 
0.51 sample; in other words, the CE-type order grows 
at the expense of the A-type ordered region. This fact 
excludes the possibility of a trivial distribution of the hole 
concentration. In addition, we found that the magnetic 
moments for the A-type and CE-type AFM structures 
lie in the same direction, i.e., along the a axis (Table 
pi). This result seems to suggest that a,-eanted magnetic 
ordering is unlikely in the present case £3 

We also found that the averaged lattice structure of the 
CE-type phase is almost identical with that of the A-type 
phase in the present samples. As shown in the case of 
the x = 0.51 sample, the lattice parameters exhibit little 
anomaly between two phases. Since both phases exhibit 
the orbital ordering within the basal plane, when the 
charges are progressively localized with decreasing T, the 
orbitals are reorganized with surprisingly small lattice 
distortions from the d(x 2 — y 2 )-type orbital order for the 
A-type AFM ordering to the d(3x 2 -r 2 )/d(3?/ 2 -r 2 )-type 
orbital order for the CE-type ordering. 



Combining these observations, we believe that the si- 
multaneous existence of two states strongly indicates that 
these two states are very close in energy, and their rela- 
tive fraction can be easily varied either by temperature 
or by tuning other physical parameters such as one elec- 
tron bandwidth, and at the same time this could explain 
why the CE-type ordering appears only in a very narrow 
concentration range of 1 ~ 2 % around the x — 1/2 in 
the Ndi-^Sr^MnOa system. As discussed in Ref. BOL we 
argue that this behavior can be viewed as an effective 
phase separation between two different orbital ordered 
regions which takes place in doped manganites with hole 
concentration x ^ g- The strong correlation between 
the coexistence of the CE-type and A-type orderings and 
their resistivity is recently pointed out for doped mangan- 
ite systems with x — h including two-dimensional single 
and bilayer systems, Lao.sSri.sMnC^ and LaiS^MnaOy 
(Ref. M. 



V. METALLIC A-TYPE ANTIFERROMAGNET 

The most important result in the metallic A-type an- 
tiferromagnetic phase is the fact that all crystal struc- 
tures in this phase share the common feature that the 
lattice spacing in the direction of the AFM stacking is 
the smallest (See Fig. ||). This salient feature causes 
an anisotropy in both magnetic and transport proper- 
ties, as discussed in Sec. III-B. As reported recently, the 
spin wave dispersion relation in the metallic A-type AFM 
Ndo.45Sro.55Mn03 exhibits a large anisotropy of the ef- 
fective spin stiffness constants between the intraplanar 
direction within the FM layers and-the interplanar direc- 
tion perpendicular to the layers.BE3 It should be noted 
that a similar directional anisotropy of the resistivity was 
also observed in the A-type AFM samples Jllrll 2 ] These 
anisotropies in physical properties are strong evidence of 
the d{x 2 — j/ 2 )-type orbital ordering within the FM lay- 
ers, and are fully consistent with the characteristics of the 
crystal and magnetic structures observed in the present 
studies. In this section, we will focus on the detailed crys- 
tal structures observed in the region of 0.55 < x < 0.63 
where the system shows a transition from the paramag- 
netic O^ phase to the metallic A-type AFM O' phase. 

Figures f| (a) and (b) show the temperature depen- 
dences of the A-type AFM Bragg peak and the d spacing 
of the planes of the (110)/(002) doublet for the x = 0.55 
sample. The (001) A-type AFM Bragg peak appears be- 
low T N = 230 K. The lattice spacings of the (002) and 
(110) nuclear reflections cross at T N due to the change of 
the space group from O* to O'. The shrinkage of the c 
axis in the A-type AFM phase reflects the d(x 2 — y 2 )-type 
orbital ordering. 

Figures g(c) and (d) show the similar temperature de- 
pendences for the x = 0.60 sample. This sample also 
belongs to the tetragonal O^ phase at the paramagnetic 
phase, and shows a first order structural phase transi- 



tion at Tn- In contrast to the x = 0.55 sample, however, 
it has a monoclinic structure whose unique axis is the c 
axis in the AFM phase, as one can clearly see the split- 
ting of the tetragonal (220) reflection into the monoclinic 
(220) + (220) reflections below T N . 

We have previously reported that Pro.5oSro.5oMnC>3 
also has the monoclinic structure in the A-type AFM 
phase, and its crystal structure belongs to the P112i/n 
(P2i/c, cell choice 2) space group.tl In order to analyze 
the powder patterns of the present Ndo.40Sro.60Mn.O3 
sample collected at 10 K, we have performed the Ri- 
etveld analysis assuming the same P\Yl\jn space group 
at first. However, we noticed that the P112i/n space 
group predicts too many allowed reflections, compared to 
the observed Bragg peaks. Therefore, in the next step, 
we fitted the profile with the space group /112/m (C2/m, 
cell choice 3) which has a higher symmetry, and we found 
that the fitting yields the almost equal goodness with the 
case of the PWIxIn space group. We have listed the pa- 
rameters obtained with this symmetry in Table O. The 
difference of the crystal structure of two space groups 
are the following: In both space groups, two unequal Mn 
sites are placed at adjacent sites alternately in all direc- 
tions, but the freedom of the O sites is much restricted 
in the case of the 7112/m structure. The apical oxygen 
0(1) is placed on the line which connect the nearest Mn 
ions along the c axis, and only its z coordinate is allowed 
to vary, while the position of the inplane oxygen 0(2) 
and 0(3) are confined in the ab plane. 



the AFM phase of x = 0.60 lies just at the boundary be- 
tween the orthorhombic O' region and the tetragonal O* 
region. c3 For the x = 0.63 sample, we found that ~10 % 
of the sample of the x = 0.63 sample has the same lattice 
constants with those of the x — 0.60 sample at 10K, and 
shows the A-type antifcrromagnetism. 

This large R factor causes slight ambiguity in identi- 
fication of the indices for the closely located peaks such 
as (004), (220), and (220) in the monoclinic phase, but 
when the assignment of the three axes were assumed as 
labeled in Fig. @(d), the Rietveld analysis gave the best 
fit. 

The x = 0.60 sample exhibits the same A-type AFM 
structure with the x — 0.51 and 0.55 samples. How- 
ever, the monoclinic structure in the x — 0.60 sam- 
ple affects its magnetic structure. The AFM superlat- 
tice reflections in the x — 0.60 sample are indexed as 
Q = (2n ± ^,2n' ± i,even) with n,n' — integer, while 
those in the x — 0.51 and 0.55 samples are indexed as 
(hkl) with h + k = even integer and I — odd. This differ- 
ence of the reflection conditions indicates that the propa- 
gation vector of the AFM structure for x = 0.60 is differ- 
ent from the other A-type samples. It is rotated by 90° 
from the [001] axis, and it points towards the [110] direc- 
tion. This is consistent with the fact that the d spacing 
of (001) remains larger than that of (110) below Tn in 
this sample. Such a rotation of the propagation vector of 
the A-type AFM ordering was also observed in another 
monoclinic sample Pro.soSro.5oMn03 (Ref. @). 
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FIG. 6. Temperature dependence of the intensities of the 
AFM Bragg peaks and the spacings of the lattice planes. 
(a),(b) (001) AFM Bragg peak and the spacing of (110) and 
(002) planes for x = 0.55. (c),(d) the (±§0) AFM Bragg peak 
and the spacing of (220) and (004) planes for x = 0.60. 

Unfortunately, the error of the refinement for the x — 
0.60 sample is the worst among the samples analyzed in 
the present study (S = i? wp /-R e — 2.2 for the x = 0.60 
sample, whereas S is less than 2 for other samples). The 
main reason for the large R factor may be that this sam- 
ple is not in a single phase at 10 K, presumably because 



VI. POSSIBLE CHARGE ORDER IN THE 
C-TYPE AFM INSULATING PHASE 

Finally, we shall discuss the features of the insulating 
C-type AFM state which appears in the O* phase for 
x > 0.63. 



A. anomaly in the lattice constant c in the C-type 
AFM phase 

Figure [7] shows the temperature dependences of the 
intensity for the AFM Bragg peak and of the lattice con- 
stants for the x = 0.75 sample. The (100) AFM Bragg 
peak for the C-type spin ordering was observed below 
Tn — 300 K. The change of the lattice constants with 
temperature is very smooth throughout Tn , although the 
difference between the values at 330 K and those at 10 
K is quite large. With lowering temperature, the length 
of the c axis increases whereas the a (b) axis decreases. 
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FIG. 7. Temperature dependence of the intensities of the 
AFM Bragg peaks and the lattice constants for x — 0.75. 

We would like to stress that we have observed a se- 
lective broadening of the nuclear Bragg reflections. Fig- 
ure represents the temperature dependence of the peak 
widths (FWHM) of the (004) and (220) reflections for 
X = 0.75, 0.70, and 0.67. The width of the (220) re- 
flection remains constant throughout all temperatures. 
However, it is clear that the width of the (004) peak 
gradually increases below T ~ Tn- Note that the (004) 
reflection is attributed solely to nuclear reflection, and no 
magnetic scattering contributes to this reflection for the 
C-type AFM order (see Table |). Comparing the data 
for three samples depicted in Fig. H, one can see that the 
X = 0.75 sample shows the most clear broadening, and it 
becomes less distinct as x decreases. 

In order to clarify the origin of the broadening of the 
nuclear Bragg reflections, we have examined the powder 
diffraction patterns and have found that the broadening 
was limited to the reflections with the Miller indices (hkl) 
of large I, for example, (004), (114), (206), (226), and 
(008). In Fig. |9| we show typical examples of the broad- 
ening of the Bragg profiles for the x = 0.75 sample at 10 
K. Filled circles are the observed intensity profiles, and 
solid lines are the calculated intensity obtained by the 
Rietveld refinement. One can clearly see that the widths 
of the (004) and (206) reflections are wider than those of 
(220) and (422). We first fitted the profile assuming that 
the sample is in a single phase with the 74/mcm symme- 
try, and the calculated profiles are depicted in Figs. |^(a) 
and (b). Despite the fitting is quite good for (220) and 
(422), the fit to (004) and (206) is relatively poor. 
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FIG. 9. Portions of the powder diffraction pattern of the 
x = 0.75 sample at 10 K. Solid lines represent the calcu- 
lated intensity obtained by the Rietveld analysis. Calculated 
peak positions are indicated as vertical bars, (a), (b) The re- 
finement was performed with single phase of the space group 
7 '4/ 'mem. (c), (d) The refinement was performed with two 
phase model described in the text. 
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Because the calculated peak positions are in excel- 
lent agreement with the observed peaks, the symmetry 
IA/mcm assumed in the analysis cannot be too far from 
the true crystal symmetry. Therefore, one of the possible 
reasons for these broadening could be the lowering of the 
symmetry to the orthorhombic or monoclinic one, and 
the resultant splitting of the original reflections which 
may be unresolved due to the moderate angular resolu- 
tion of the neutron powder diffractometer. This possi- 
bility, however, will be easily discarded because the peak 
broadening is also observed at (00/) reflections which will 
split in neither the orthorhombic nor monoclinic struc- 
ture. 

Considering the fact that the peak broadening occurs 
selectively at the reflections with large I, that is, the re- 
flections from the lattice planes which are nearly perpen- 
dicular to the c axis, it is very likely that it is originated 
from an anisotropic strain in the system, and a possi- 
ble microscopic picture of such a strain is a distribution 
of the lattice constant of the c axis. To ascertain this 
idea, we have assumed a simple structural model that 
the sample consists of two phases in which they have two 
different lattice constants for the c axis. By keeping other 
parameters identical for both phases, we have fitted the 
observed diffraction pattern to this model, and have ob- 
tained substantially improved results as depicted in Figs. 
|(c) and (d). 

From these facts, we concluded that the observed 
selective broadening of Bragg peaks results from the 
anisotropic strain caused by a distribution of the d(3z 2 — 
r 2 ) orbitals. As stated above, the e g electrons occupy the 
d(3z 2 — r 2 ) orbitals in the O* phase. When the charges 
are localized in the insulating phase, only Mn 3+ sites 
have the d(3z 2 — r 2 ) orbital, and Mn 4+ sites have no e g 
electrons. In Fig. nOl we illustrated an arrangement of 
Mn 3+ with the d(3?"- r 2 ) orbital and Mn 4+ with no e g 
orbital. Because the d(3z 2 — r 2 ) orbital extends toward 
the c direction, the distance between Mn 3+ and Mn 4+ are 
elongated along the c direction, whereas in the ab plane 
the Mn 3+ -Mn 4+ distance is almost equal to the Mn 4+ - 
Mn 4+ distance. At high temperatures, the charges are 
mobile by thermal activation, which averages out the lo- 
cal distortion of the lattice spacing along the c axis. At 
low temperatures, on the other hand, the thermal energy 
is insufficient for the charges to hop, and the local or- 
dering of the e g electrons with the d(3z 2 — r 2 ) orbital 
may be formed, and it leads to the anomaly in the lat- 
tice constant. It should be noted that the broadening of 
the peak starts below Tjv where the C-type AFM spin 
ordering is formed as shown in Fig. g, and at the same 
time a temperature derivative of the resistivity shows an 
anomaly.E3 
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FIG. 10. Schematic picture about the relation of e g orbital 
ordering and the lattice spacing in the O* phase. 



B. possibility of the x = 0.8 charge ordering in the 
C-type AFM phase 

As we described in the previous subsection, we found 
that the broadening of the nuclear Bragg peaks becomes 
clearer as x increases, indicating that the charge local- 
ization/ordering is also progressively stabilized with the 
increase of x. Furthermore, the anomaly of the temper- 
ature derivative of the resistivity at Tn develops as x in- 
creases, and it is most clearly observed at x = 0.80. In ad- 
dition, the resistivity of the x — 0.80 sample itself shows 
a steep increase at T^ with decreasing temperature.Ej 
Judging from these facts, it is very likely that the charge 
ordering associated with the Mn 3+ : Mn + ratio of 1 : 4 is 
formed below Tn- On the other hand, Jirak et al. was re- 
ported that superlattice reflections which might be orig- 



inated from the charge ordering of Mn + : Mn =1:3 
were observed in their Pro^Cao.sMnOa sample whose va- 
lence distribution of the Mn ions was determined to be 
MnQ^gMn^g by chemical analysis.cl To check a possi- 
bility of such charge ordering, we examined our powder 
pattern profiles in detail, but it was not possible to de- 
tect any indication of the superlattice reflections for the 
charge ordering in the powder diffraction data. A study 
of a single crystal sample is strongly desirable to eluci- 
date the nature of a possible 4/5 or 3/4 charge ordering 
in the C-type AFM phase. 

As for the charge ordering for x > 1/2, an interest- 
ing charge ordering with large periodiciti2-.ffias-|Ce£jeBtly 
observed in the Lai-zCa^MnOs system.EBEjcfl'Ej'Ej In 
this system, incommensurate superlattice peaks were ob- 
served at the wave vector Q — (8, 0, 0) with 5 ~ 1 — x 
below the charge ordering temperature Tqo by electron 
diffraction. To understand the incommensurabiliU 
stripe-type charge/orbital ordering was proposedial 3 . 
In this model, a pair of Mn 3+ Og stripes are formed, and 
they are separated by another stripe-shaped region of 
the Mn 4+ C>6 octahedra. A pair of Mn 3+ Og stripes are 
accompanied with the d(3x 2 — r 2 )/d(3y 2 — r 2 ) orbital or- 
dering and with a large lattice contraction due to the 
JT effect, while the Mn 4+ C-6 regions are free from lat- 
tice distortions. At x = 1/2, this incommensurate pairs 
of JT stripes converges to the well-known CE-type or- 
bital/spin ordering. Similar incommensurate superlat- 
tice peaks were also observed in Bii-^Ca^MnOa single 
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crystals with 0.74 < x < 0.82,E3 while the long-period 
structure with four-fold periodicity (21 A) and 32-fold 
periodicity (170 A) to the orthorhombic lattice unit were 
clearly observed in the x — 0.80 sample.Ej These results 
also share many features with the paired JT stripes pro- 
posed for the Lai-^Ca^MnOs with x > 0.5. 

We would like to point out that this type of paired 
JT stripe ordering can be easily excluded from the 
possible charge ordering for the present C-type AFM 
Ndi_ x Sr x Mn03 samples from the consideration of the 
lattice parameters. For the CE-type charge ordering and 
associated paired JT stripe ordering, the orthorhombic c 
axis (in the Pbnm notation) must be the shortest. This is 
due to the fact that the d(3x 2 — r 2 )/d(3y 2 — r 2 ) orbitals 
lie in the ab plane as shown in Fig. |f|, and it is easily 
checked that this relation is satisfied by other manganites 
with the CE-type ordering, for example, Pri_a;Ca x Mn03 
(Refs. 0, pij p^) as well as Lai_ x Ca x Mn03 with x > 0.50 
(Refs. p] |40|, [4ip from the lattice constants data in the 
existing reports. 

On the other hand, the c axis is the longest for the C- 
type AFM spin ordering in the present Ndi_ a; Sr a; Mn03, 
in the C-type AFM region of Pr!_ x Ca x Mn0 3 (Ref. |) 
and in La .2Cao.sMn03 (Ref. [I]). As explained in the 
previous subsection, this relation of the lattice parame- 
ters results from the d(iz 2 — r 2 )-type orbital ordering in 
the C-type structure. Concerning the magnetic ordering 
of the Bii-^Ca^MnOa system, we are puzzled that the 
magnetic ordering was reported to be of C-type.EJ Be- 
cause the c axis ought to be the longest for the C-type 
spin order, it cannot be compatible with the proposed 
JT stripe-type ordering with the shortest c axis. 

Finally, we comment that the FWHM of the (004) peak 
of the x = 0.75 sample at 330 K is larger than the one 
at about 300 K (see Fig. ||). This is because a finite 
amount of the scattering exists between the (220) and 
(004) peaks. Similar extra scattering is observed at some 
other scattering angles. Presumably, another phase with 
very close length of the a and c axis may exist at higher 
temperatures, and the remnant of the higher T phase 
may exist at 330 K. 



VII. CONCLUSIONS 

Neutron diffraction 

study was performed on Ndi-^Sr^MnOs powder sam- 
ples with 0.49 < x < 0.75 and their crystal and magnetic 
structure were analyzed by the Rietveld method. A sys- 
tematic change of the crystal and magnetic structures 
was observed as a function of x. With increasing x, the 
magnetic structure of the ground state varies from metal- 
lic ferromagnetism to charge ordered CE-type antiferro- 
magnetism, then to metallic A-type antiferromagnetism, 
and finally to insulating C-type antiferromagnetism. The 
magnetic structure is driven by underlying Mn e g orbital 
ordering and resultant crystal structure. In the CE-type 



and A-type AFM states, the crystal structure is charac- 
terized by apically compressed MnOg octahedra reflect- 
ing the planar d(x 2 — y 2 )-type orbital ordering. On the 
other hand, in the C-type AFM state it consists of api- 
cally elongated octahedra which is influenced by the or- 
dering of the rod-type d(3z 2 — r 2 ) orbitals. 

The CE-type AFM state was observed only in the 
neighborhood of x — 1/2. In the x — 0.51 sample, the 
CE-type AFM state and the A-type AFM state coex- 
isted due to the small energetic difference between the 
two AFM states. In addition, the C-type AFM phase ex- 
hibits an anisotropic broadening of Bragg peaks, which 
becomes clearer as x increases. This can be interpreted 
as a precursor of the d(3z 2 — r 2 )-type orbital ordering at 
Mn 3+ : Mn 4+ = 1 : 3 or 1 : 4. 
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